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Abstract 
Beta-tricalcium phosphate granular cement ( -TCP GC), consisting of -TCP granules 
and an acidic calcium phosphate (Ca-P) solution, shows promise in the reconstruction of 
bone defects as it sets to form interconnected porous structures, i.e., -TCP granules are 
bridged with dicalcium phosphate dihydrate (DCPD) crystals. In this study, the effects of 
acidic Ca-P solution concentration (0–600 mmol/L) on the setting reaction and tissue 
response to -TCP GC were investigated. The -TCP GC set upon mixing with its liquid 
phase, based on the formation of DCPD crystals, which bridged -TCP granules to one 
another. Diametral tensile strength of the set -TCP GC was relatively the same, at 
approximately 0.6 MPa, when the Ca-P concentration was 20–600 mmol/L. Due to the 
setting ability, reconstruction of the rat’s calvarial bone defect using -TCP GC with 20, 
200, and 600 mmol/L Ca-P solution was much easier compared to that with -TCP 
granules without setting ability. Four weeks after the reconstruction, the amount of new 
bone was the same, approximately 17% in both -TCP GC and -TCP granules groups. 
Cellular response to -TCP granules and -TCP GC using the 20 mmol/L acidic Ca-P 
solution was almost the same. However, -TCP GC using the 200 and 600 mmol/L acidic 
Ca-P solution showed a more severe inflammatory reaction. It is concluded, therefore, 
that -TCP GC, using the 20 mmol/L acidic Ca-P solution, is recommended as this 
concentration allows surgical techniques to be performed easily and provides good 
mechanical strength, and the similar cellular response to -TCP granules.  




Reconstruction of bone defects using a calcium phosphate (Ca-P) bone augmentation 
material with interconnected porous structure is one of the key ways to obtain good 
clinical result as Ca-P exhibits osteoconductivity, and its porous structure allows cells and 
tissues to penetrate interior to the bone augmentation material [1-3]. At present, block 
type, granular type, and cement type bone augmentation materials are available. For the 
block type, while an interconnected porous structure is guaranteed, shaping the block to 
fit to the bone defect during the surgery is difficult, with improper shaping leading to 
lower bone to implant contact [4,5]. For the granular type, the defect is filled easily, and 
the granules form the interconnected porous structure. However, granules often migrate 
from the defect to the outside. In contrast, the cement type sets at the bone defect, and in 
this case, shaping is not necessary. Additionally, migration would not occur after setting. 
Therefore, porous cement has good potential to become an ideal bone augmentation 
material. Many attempts have been made to introduce pores in the cement. For example, 
Xu et al. (2001) introduced porogen into apatite forming cement [6-8]. However, 
dissolution of the porogen was not practical since it is time consuming. 
We recently proposed an interconnected porous Ca-P cement. The cement consists of 
Ca-P granules and acidic solution. For example, -tricalcium phosphate -TCP: -
Ca3(PO4)2] granular cement -TCP GC) consists of -TCP granules and monocalcium 
phosphate monohydrate [MCPM: Ca(H2PO4)2·H2O] saturated 0.6 mol/L of phosphoric 
acid solution. Upon mixing, dicalcium phosphate dihydrate [DCPD: CaHPO4·2H2O] 
crystals are formed on the surface of -TCP granules, and the DCPD crystals bridged the 
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-TCP granules to one another, leading to the formation of an interconnected porous 
structure. Reconstruction surgery of the rat calvarial bone defect using the -TCP GC was 
much easier compared to -TCP granules. Four weeks after implantation, the amount of 
new bone formed at the -TCP GC reconstructed bone defect area was comparable to 
those using pure -TCP granules [9]. The -TCP GC seems to have high potential value 
as a bone grafting material due to its self-setting ability, with the additional advantage of 
the osteoconductive behavior similar to that of -TCP granules. The only potential 
problem could be the body’s cellular response to implantation. In a previous study, 
MCPM saturated 0.6 mol/L of phosphoric acid solution was used as the liquid phase of 
-TCP GC. Although new bone formation was not affected by the acidic solution, cellular 
response was more severe  when compared to -TCP granules.  
Therefore, the objective of this study, was to evaluate the effects of Ca-P solution 
concentration on setting reaction and tissue response to the -TCP GC. 
 
MATERIALS AND METHODS 
Preparation of -TCP granules 
-TCP granules were prepared from calcium carbonate (CaCO3, Wako Pure Chemical 
Industries Ltd., Osaka, Japan) and DCPD (Wako Pure Chemical) as reported previously  
[9,10]. In brief, CaCO3 and DCPD powders were mixed homogeneously with 99.5% ethanol 
at a Ca/P ratio of 1.5 using a planetary ball mill (Pulverisette 5, Fritsch, Idar-Oberstein, 
Germany) at a speed of 200 rpm for 6 hours. The liquid was removed by filtration and air-
dried. The dried powder was then placed in a stainless steel mold mm) and pressed 
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uniaxially at 50 MPa using an oil-pressure press machine (MT-50HD, NPa System, Saitama, 
Japan). The obtained compacts were sintered at 1,100°C in a furnace (Super burn 
SBV1515D, Motoyama, Osaka, Japan) for 6 hours and then cooled inside the furnace. 
Sintered samples were then crushed and sieved so that the granule diameters would be 
between 300 and 600 m. 
Preparation of acidic Ca-P solution 
The acidic Ca-P solutions were prepared by dissolving MCPM (Sigma-Aldrich Co., 
Saint Louis, USA) in phosphoric acid (H3PO4; Wako Pure Chemical) so that the solution 
would be saturated with respect to MCPM. The condition and pH of the acidic Ca-P 
solutions used in this study are summarized in Table 1. The concentration of H3PO4 used 
for the acidic Ca-P solution is used as the concentration of the acidic Ca-P solution for 
simple in the following text. The pH value of prepared acidic Ca-P solution was measured 
using a pH meter (D-51; Horiba Ltd., Kyoto, Japan) after calibration in accordance with 
the manufacturer’s protocol.  
-TCP granular cement ( -TCP GC) 
To prepare the -TCP GC, -TCP granules were mixed with the acidic Ca-P solution 
at a liquid-to-granule (L/G) ratio of 0.6. The mixture was packed in a splitting cylindrical 
mold (6 mm in diameter and 3 mm in height) with both ends of the mold covered by glass 
plates. After setting, the -TCP GC was removed from the mold and immersed into 
acetone to stop the reaction. The concentration of the acidic Ca-P solution used for -TCP 
GC is stated in parenthesis. For example, -TCP GC (20) indicates -TCP GC consisting 
of -TCP granules and MCPM saturated 20 mmol/L H3PO4 solution. 
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Setting time measurement 
Setting time of -TCP GC was measured using a Vicat needle. After mixing the -
TCP granules with the acidic Ca-P solution, the mixture was placed into an inverted 
truncated cone mold. The mixture was pushed using a Vicat needle with 300 g weight, 
with the time until  the Vicat needle could not penetrate the mixture measured at 10-
second intervals. 
Micro-computed tomography 
The set -TCP GC samples were scanned using micro-computed tomography -CT) 
(Skyscan 1075 KHS; Skyscan, Kontich, Belgium) at a source voltage of 59 kV and source 
current of 169 A using a 0.5 mm aluminum filter. The -TCP GC was scanned using the 
middle-resolution scanning mode (18 m voxel resolution) image.  
Scanning electron microscopy 
Morphology of the set -TCP GC were observed using a scanning electron 
microscope (SEM: JCM-5700; JEOL Ltd., Tokyo, Japan) under an accelerating voltage 
of 15 kV after being coated with gold-palladium. Coating was performed using an ion 
coater (IB-3; Eiko engineering co., Ltd., Tokyo, Japan).  
X-ray diffraction analysis 
For compositional analysis, set -TCP GC were ground into a fine powder and 
characterized using an X-ray diffractometer (XRD: D8 Advance; Bruker AXS GmbH, 
Karlsruhe, Germany) operated at 40 kV and 40 mA. The diffraction angle was 
continuously scanned in the range from 10° to 40° at a scanning rate of 2°/min. 
Quantitative analysis was performed based on the obtained XRD patterns. A calibration 
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curve for the quantitative analysis of DCPD was constructed using a mixture of DCPD 
11.78°) and -TCP 31.18°). The amount of DCPD in the set -TCP GC was 
calculated from the integrated area ratio of the XRD peaks of DCPD to -TCP using 
EVA15 software (Bruker AXS GmbH). 
Mechanical strength measurement 
The mechanical strength of the set -TCP GC was evaluated in terms of diametral 
tensile strength (DTS). After drying the set -TCP GC at room temperature, the diameter 
and height were measured with a micrometer (MDC-25MU: Mitutoyo Co. Ltd., 
Kanagawa, Japan). A load was then applied to crush the material using a universal testing 
machine (AGS-J 10kN; Shimadzu Co., Kyoto, Japan) at a constant cross-head speed of 1 
mm/min. Mean and standard deviation (SD) for each DTS value was calculated using 8 
samples. 
Porosity measurement 
Porosity was calculated from the bulk density of the set -TCP GC and theoretical 
densities of -TCP (3.07 g/cm3) and DCPD (2.31 g/cm3). The bulk density was measured 
from the external volume and weight of the set samples. The total porosity was calculated 
by following formulae (1) and (2).  
 
 (1) 




All animal experiments were conducted under approval of the Ethical Committee for 
Animal Experimentation at Tokushima University (Admission number: T29-81). Forty-
eight male specific-pathogen-free (SPF) Wistar rats aged 12 weeks and weighing on 
average 350 to 400 g were used and randomly distributed into 4 groups of 12 rats: (1) -
TCP granules group, (2) -TCP GC (20) group, (3) -TCP GC (200) group, and (4) -
TCP GC (600) group. The -TCP granules group employs just -TCP granules, and were 
used as control. Each group was further divided into 2- and 4-week groups with 6 rats 
assigned to each group. The animals were administered general anesthesia with an 
intramuscular injection of 90 mg/kg ketamine hydrochloride and 10 mg/kg xylazine 
hydrochloride. After clipping the calvarial fur and disinfecting the surgical site using 
iodine, 2% (wt) lidocaine containing 1:80,000 epinephrine was injected subcutaneously 
for local anesthesia. Surgical incision through the skin and periosteum was performed at 
the calvaria, and then, a 9 mm artificial bone defect of calvarial bone was created by 
trephination under saline irrigation. After implantation of each sample, the periosteum 
and skin flap were repositioned and sutured using 4-0 nylon thread.  
Histological evaluation 
At 2- and 4 weeks post-implantation, the animals were euthanized and the calvarial 
bone was extracted and fixed with 10% (wt) formalin neutral buffer solution (Wako Pure 
Chemical). All samples were subjected to decalcification and routine histological 
processing, and then embedded in paraffin blocks. Samples were then sectioned 
horizontally at a thickness of 4 m and stained with hematoxylin and eosin.  
To evaluate the histological findings, all histological slides were observed using an 
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all-in-one microscope (BZ-X710, KEYENCE, Osaka, Japan). The percentage of newly 
formed bone and total cells in the defect was calculated from the area of newly formed 
bone and the area of total cells to the area of original defect created by trephination using 
image J software [11,12]. 
Statistical analysis 
For statistical analysis, one-way factorial analysis of variance (ANOVA) and Fisher’s 
least significant difference (LSD) post-hoc test were performed using Kaleida Graph 4. 
Values are expressed as means ± SD. p < 0.05 was considered statistically significant. 
 
RESULTS 
When -TCP granules were mixed with the acidic Ca-P solutions, they set and 
formed an interconnected porous structure (Fig. 1 (b)-(d)). No significant difference was 
found regardless of the acidic Ca-P solution concentrations. The -CT analysis also 
confirmed the interconnected porous structure of the set -TCP GC (Fig. 2 (a)-(c)). SEM 
observation revealed that the surface of the -TCP granules were smooth, and typical for 
sintered Ca-P (Fig. 3 (a)). In contrast, the set -TCP GC were covered with plate-like 
crystals, with the crystals interlocking, leading to the -TCP granules to bridge one 
another (Fig. 3 (b)-(d)).  
XRD analysis revealed that DCPD was formed in the set -TCP GC (Fig. 4 (b)-(g)). 
Peak intensity ascribed to DCPD increased with concentration of the acidic Ca-P solution. 
The amount of DCPD formed in the set -TCP GC was summarized as a function of 
acidic Ca-P concentration (Fig. 5). The amount of DCPD increased with the increase in 
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the concentration of acidic Ca-P, and was approximately 40% when the acidic Ca-P 
concentration was 20 mmol/L or higher. The setting time of -TCP GC was approximately 
1 min regardless of the acidic Ca-P solution concentration, even though setting time was 
slightly shorter when a higher concentration of acidic Ca-P solution was used (Table 2). 
Mechanical strength in terms of DTS of the set -TCP GC increased with the acidic Ca-
P concentration, reaching approximately 0.6 MPa when the acidic Ca-P concentration 
was 20 mmol/L or higher (Fig. 6). Porosity of the set -TCP GC slightly decreased with 
increasing acidic Ca-P solution concentration up to 50 mmol/L. After which, the porosity 
became the same, at approximately 55%, up to at least 600 mmol/L (Fig. 7).  
Fig. 8 shows typical histological images of the -TCP granules, -TCP GC (20), -
TCP GC (200), and -TCP GC (600) 2 weeks post-implantation (a to d, respectively), as 
well as 4 weeks post-implantation (e to h, respectively). Amount of new bone and total 
cells are summarized in Fig. 9 and Fig. 10, respectively. At 2 weeks post-implantation, 
newly bony tissue was observed at both ends of the defect in both the -TCP granules and 
the -TCP GC. The amount of new bone formed was approximately 11%, with no 
significant difference observed between the -TCP granules and the -TCP GC, 
regardless of the acidic Ca-P solution concentration used for the liquid phase of -TCP 
GC. Four weeks after implantation, bony tissue matured further in both -TCP granules 
and -TCP GC. The amount of new bone increased  approximately 17%. Similarly, 4 
weeks after implantation, no significant difference was observed between -TCP granules 
and -TCP GC.  
In contrast to new bone formation, some histological differences were visually 
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observed between -TCP granules and -TCP GC. In -TCP granules, slight lymphocytic 
infiltration was observed in the defect area 2 weeks after implantation, but this situation 
was observed to reduce 4 weeks after implantation. Similarly, -TCP GC (20) showed 
slightly more lymphocyte infiltration 2 weeks after implantation, but with a reduction 
similar to -TCP granules 4 weeks after implantation. On the other hand, -TCP GC (200) 
and -TCP GC (600) showed stronger lymphocytic infiltration when compared to -TCP 
granules and -TCP GC (20). In addition to the lymphocytic infiltration, granulation 
tissue and foreign body giant cells were clearly observed in both samples. Although 
foreign body giant cells were still observed 4 weeks after implantation, lymphocyte 




The results obtained in this study demonstrate that -TCP granules set and form 
interconnected porous structure, even with a lower  20 mmol/L acidic Ca-P solution used 
as the liquid phase of -TCP GC. The setting mechanism of the -TCP GC has a close 
relationship with the DCPD crystals that precipitated on the surface of -TCP granules. 
Upon mixing the -TCP granules with an acidic Ca-P solution, -TCP granules partially 
dissolve as shown in Equation (3). Dissolution of -TCP results in an increase in Ca2+ 
and PO43- concentration as well as in pH value, resulting in the solution becoming 
supersaturated with respect to DCPD. Therefore, DCPD crystals are precipitated on the 
surface of -TCP granules as shown in Equation (4).  
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dissolution: -Ca3(PO4)2 3Ca2+ + 2PO43-               (3) 
precipitation: Ca2+ + H+ + PO43- + 2H2O CaHPO4•2H2O                  (4) 
 
The precipitated DCPD crystals on the surface of -TCP granules bridge -TCP 
granules to one another [9,10]. Although the amount of DCPD increased with the 
concentration of acidic Ca-P solution up to 20 mmol/L, no further DCPD increase was 
observed even when higher concentrations of  acidic Ca-P solution were used. Similarly, 
DTS value increased with the acidic Ca-P solution concentration up to 20 mmol/L, with 
no further DTS increase observed even when higher concentrations of acidic Ca-P 
solution were used. As shown in Fig. 3, all surfaces of the -TCP granules were covered 
with the DCPD crystals when mixed with 20 mmol/L acidic Ca-P solution. This could be 
the reason as to why the amount of DCPD and DTS value were not influenced by the 
higher concentration of the acidic Ca-P solution. If so, unreacted acidic Ca-P solution will 
remain inside the set -TCP GC when acidic Ca-P solution higher than 20 mmol/L is 
employed as the liquid phase of -TCP GC.  
Interestingly, the amount of new bone formed was same between -TCP granules and 
-TCP GC despite the concentration of acidic Ca-P solution, and as shown in Figure 9. 
In contrast to new bone formation, cellular response was different based on the 
concentration of the acidic Ca-P solution. The amount of total cells were the same 
between -TCP granules and -TCP GC (20) for 2 and 4 weeks after implantation. 
However, both -TCP GC (200) and -TCP GC (600) showed statistically (p<0.05) higher 
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total cell number than -TCP granules. These results may indicate that redundant acid is 
simply the factor causing an increase in the inflammatory response [13-16]. Although 
new bone formation was not affected by the excess acidic Ca-P solution, excess acidic 




It was found that 20 mmol/L of acidic Ca-P solution was enough for the DCPD 
formation and bridging the -TCP granules with the DCPD precipitation. Although the 
amount of new bone was similar among -TCP granules, -TCP GC (20), -TCP GC 
(200), and -TCP GC (600), -TCP GC (20) should be used since cellular response to -
TCP GC (20) was similar to -TCP granules, whereas -TCP GC (200) and -TCP GC 
(600) showed stronger lymphocyte infiltration. 
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Figure 1  Typical photographs of (a) -TCP granules, (b) set -TCP GC (20), (c) -TCP 
GC (200), and (d) -TCP GC (600). 
 
Figure 2  Typical -CT images of (a) -TCP granules, (b) set -TCP GC (20), (c) -
TCP GC (200), and (d) -TCP GC (600). 
   
Figure 3  Typical SEM images of (a) -TCP granules, (b) set -TCP GC (20), (c) -
TCP GC (200), and (d) -TCP GC (600).  
 
Figure 4  XRD patterns of (a) -TCP granules and (b) set -TCP GC (0), (c) -TCP GC 
(20), (d) -TCP GC (200), and (e) -TCP GC (600). XRD pattern of standard 
DCPD is shown as a reference (: DCPD,: -TCP).   
 
Figure 5  Amount of DCPD in the set -TCPGC as a function of acidic Ca-P solution 
concentration. These values were calculated from the XRD patterns 4). 
 





Figure 7  Porosity of the set -TCP GC as a function of the acidic Ca-P solution 
concentrat . 
 
Figure 8  Histological images of (a) and (e) -TCP granules; (b) and(f) -TCP GC (20); 
(c) and (g) -TCP GC (200); (d) and (h) -TCP GC (600) at 2- and 4- weeks 
after implantation. (a)-(d) 2-weeks after implantation; (e)-(h) 4-weeks after 
implantation. Hematoxylin and eosin stain. Scale bar indicates 1000 m.  
 
Figure 9  Amount of new bone in the defect at 2- and 4-weeks after implantation ).  
 
Figure 10 Amount of total cells in the bone defect at 2- and 4-weeks after implantation  
( p  .  
 
 











